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Chaetoceros gracilisextrinsic protein (Psb31) found in Photosystem II (PSII) of a diatom, Chaetoceros
gracilis, was cloned and sequenced. The deduced protein contained three characteristic leader sequences
targeted for chloroplast endoplasmic reticulum membrane, chloroplast envelope membrane and thylakoid
membrane, indicating that Psb31 is encoded in the nuclear genome and constitutes one of the extrinsic
proteins located on the lumenal side. Homologous genes were found in a red alga and chromophytic algae
but not in other organisms. Genes encoding the other four extrinsic proteins in C. gracilis PSII were also
cloned and sequenced, and their leader sequences were characterized and compared. To search for the
nearest neighbor relationship between Psb31 and the other PSII components, we crosslinked the PSII
particles with the water-soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, and found
that Psb31 directly associates with PSII core components through electrostatic interaction, suggesting that
the novel Psb31 protein is one of the extrinsic proteins constituting the functional oxygen-evolving complex
of C. gracilis PSII.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionPhotosynthetic water-splitting reaction is catalyzed by Photosys-
tem II (PSII), a multiprotein-pigment complex located in the thylakoid
membranes of various algae and green plants. The PSII complex
contains a number of intrinsic membrane-spanning proteins and
several extrinsic proteins associated with the lumenal side. Most of
the intrinsic proteins are highly conserved from prokaryotic cyano-
bacteria to higher plants, whereas the extrinsic proteins which are
important for the activity of the oxygen-evolving center of PSII aree gel electrophoresis; BisTris,
Chl, chlorophyll; CP47 and
SII; Cyt b559α, α subunit of
nits of PSII; EDC, 1-ethyl-3-(3-
reticulum; MES, 2-morpholi-
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l rights reserved.signiﬁcantly different among different organisms. Cyanobacterial PSII
contains PsbO, PsbV and PsbU [1–3], and red algal PSII contains a
fourth extrinsic protein, PsbQ', in addition to the three cyanobacterial
extrinsic proteins [4–6], whereas green algal, Euglena and higher
plant PSIIs contain PsbO, PsbP and PsbQ [7–10]. PsbP- and PsbQ-like
proteins were also found in thylakoid membranes and PSII from
cyanobacteria [3], and the PsbQ-like protein was indeed found to
associate with cyanobacterial PSII in a stoichiometric manner [11].
These two proteins, however, were suggested to be lipo-proteins, and
their associationwith PSII does not resemble those of typical extrinsic
proteins. Moreover, the crystal structure of cyanobacterial PSII did not
contain these proteins, yet PSII used for crystal structure analysis
possessed high oxygen-evolving activities [12–14]. Thus, the associa-
tion and function of PsbP- and PsbQ-like proteins with cyanobacterial
PSII are different from those observed in green algal and higher plant
PSII.
Recently, we succeeded for the ﬁrst time in preparation of PSII
particles retaining high oxygen-evolving activity from a marine
centric diatom, Chaetoceros gracilis [15]. The diatom PSII particles
contained ﬁve extrinsic proteins released by alkaline Tris-treatment.
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extrinsic proteins of PsbO, PsbQ', PsbV and PsbU well characterized in
cyanobacteria and red algae [1–6], whereas the ﬁfth one was a novel,
previously unknown protein [15]. The novel protein, which was
referred to as Psb31 following the nomenclature for PSII subunits [3],
was stoichiometrically released together with the other extrinsic
proteins by alkaline Tris-treatment and speciﬁcally associated with
PSII but not Photosystem I [15], suggesting that it is an extrinsic
protein of C. gracilis PSII. If the novel Psb31 protein constitutes the
functional oxygen-evolving complex in C. gracilis PSII together with
the other extrinsic proteins, the protein should be located on the
lumenal side.
Diatoms are considered to be evolved by a secondary endosym-
biosis event, i.e., the engulfment of a red alga by a eukaryotic host
[16,17], and thus their chloroplasts are surrounded by fourmembranes
termed chloroplast endoplasmic reticulum (chloroplast ER) and
chloroplast envelope [18–20]. Therefore, the extrinsic proteins
encoded in the nuclear genome and located on the lumenal side
must have three signal peptides in their precursors to transfer the
protein across chloroplast ER, chloroplast envelope and thylakoid
membrane [18–20]. In order to clarify the location of the novel Psb31
protein, we cloned and sequenced its gene and analyzed its leader
sequence. For comparison, we also cloned and sequenced the other
four extrinsic proteins in C. gracilis PSII and analyzed their pre-
sequences to detect and compare the signal peptides among all of the
ﬁve extrinsic proteins.
Close associations of the extrinsic proteins with PSII intrinsic
proteins have been reported by crosslinking experiments [21–25]. In
these experiments, a zero-length crosslinker, 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide (EDC), has been effectively used to detect
possible direct associations between the extrinsic proteins and PSII
intrinsic proteins, because the reagent crosslinks amino groups with
electrostatically interacting carboxyl groups [22,24,25]. In this study,
the PSII particles prepared from C. gracilis were crosslinked with EDC
and then PSII core complexes were separated with Blue-Native PAGE
(BN-PAGE) to examine whether Psb31 directly interacts with PSII core
components through electrostatic interaction. As a result, one of the
EDC-crosslinked products in PSII core dimer was found to contain the
Psb31 protein, suggesting that the Psb31 protein directly associates
with the PSII core components.
2. Materials and methods
2.1. Cloning and sequencing of genes encoding the ﬁve extrinsic proteins
in C. gracilis PSII
A marine centric diatom, C. gracilis, was grown at 25 °C with
continuous illumination at about 35 μmol photons m−2 s−1 in an
artiﬁcial seawater supplemented with vitamins and sodium metasi-
licate, and its PSII particles were prepared according to [15]. Five
extrinsic proteins were released by alkaline Tris-treatment of the PSII
particles, and their N-terminal amino acid sequences were deter-
mined by the Edman degradation method as earlier described [15].
Total RNA of the diatom was isolated using Isogen reagent (Nippon
Gene, Tokyo, Japan), and cDNA was prepared by reverse-transcription
of the RNA with a ReverTra Ace (Toyobo, Osaka, Japan). Degenerate
oligonucleotide primers were synthesized based on either the N-
terminal sequences or conserved sequences of the ﬁve extrinsic
proteins. Using these primers, cDNA fragments corresponding to the
N-terminal part of each protein were ampliﬁed by RT-PCR. Based on
this information, the remaining fragments of the geneswere ampliﬁed
by RNA ligase-mediated rapid ampliﬁcation of cDNA ends (RLM-RACE)
(Invitrogen, Carlsbad, CA) or inverse PCR. The PCR products obtained
were inserted into the plasmid pCR2.1-TOPO (Invitrogen), and the
DNA sequences were determined by an ABI 3130 genetic analyzer
(Applied Biosystems, Foster City, CA).2.2. Bioinformatics analysis
Analysis and assembly of data derived from DNA sequencing were
performed using the Genetyx software. Search for similarities with
known genes was performed using BLAST and FASTA programs.
Sequences of the Psb31 protein family from various species were
aligned with ClustalX [26]. The resulted alignment was used to
generate a phylogenetic tree using a neighbor-joining algorithm.
Leader sequences were predicted using SignalP [27], ChloroP [28] and
PSORT [29].
2.3. Crosslinking experiments
For crosslinking, various concentrations of EDC were added to
samples containing 1.0 mg Chl ml−1 of the PSII particles suspended in
1 M betaine and 50 mM MES–NaOH (pH 6.5). After incubation for
10 min at 25 °C in the dark, the crosslinking reaction was terminated
by adding 0.5 M sodium acetate. The EDC-treated PSII particles were
precipitated by centrifugation at 40,000 ×g for 10min after addition of
10% polyethylene glycol 6000 and suspended in a buffer containing
40 mM MES–NaOH (pH 6.5) and 0.4 M sucrose (buffer A).
2.4. Dissociation of extrinsic proteins
The PSII particles crosslinked with EDC were incubated with 1 M
Tris (pH 8.5) at 0.5 mg Chl ml−1 for 30 min at 0 °C in the dark, to
remove the non-crosslinked extrinsic proteins. The samples were
centrifuged at 40,000 ×g for 10 min after addition of 10% polyethylene
glycol 6000. The supernatants were analyzed by SDS-PAGE.
2.5. SDS-PAGE
Sampleswere solubilizedwith 5% lithium lauryl sulfate and 75mM
dithiothreitol for 30 min at room temperature. The solubilized
samples (10 μg Chl) were applied to an SDS-polyacrylamide gel
containing a gradient of 12–18% acrylamide and 6 M urea.
2.6. Blue-Native polyacrylamide gel electrophoresis (BN-PAGE)
BN-PAGE was performed as described in [30,31] with some
modiﬁcations. The PSII particles were treated with various concentra-
tions of EDC and thenwashed with alkaline Tris as described above to
remove the non-crosslinked extrinsic proteins. The centrifuged
precipitates were suspended in a medium containing 50 mM
BisTris–HCl (pH 7.0), 500 mM 6-aminocaproic acid, and 10% glycerol,
and then solubilized with 1% n-dodecyl-β-D-maltoside at 1.0 mg Chl
ml−1 for 10min at 0 °C in the dark. After centrifugation at 40,000 ×g for
20 min, the supernatants were supplemented with 0.25% Coomassie
Brilliant blue G-250 and loaded onto the BN-PAGE with a gradient of
4–18% acrylamide in the separation gel. About 10 μg Chl was loaded
per lane. Electrophoresis was carried out at 4 °C with a constant
current of 14 mA for about 3 h and then with a constant voltage of
500 V for about 2 h. The green band containing the PSII core dimerwas
cut out from the BN-PAGE gel, incubated in buffer A containing 5%
lithium lauryl sulfate and 75 mM dithiothreitol for 30 min at room
temperature and then applied to SDS-PAGE, to examine the polypep-
tide composition of the PSII core.
2.7. Immunological assays
For preparation of an antibody against the Psb31 protein, the psb31
gene cloned in this study was expressed in Escherichia coli as a fusion-
protein with thioredoxin and a 6×His tag at its N-terminus, and the
resulted protein was puriﬁed using nickel afﬁnity chromatography
after treatment with enterokinase, as described previously [32]. The
recombinant protein was used for preparation of a rabbit polyclonal
1547A. Okumura et al. / Biochimica et Biophysica Acta 1777 (2008) 1545–1551antibody against the Psb31 protein. For Western blotting, proteins on
the SDS-PAGE gel were transferred onto a polyvinylidene ﬂuoride
membrane, reacted with anti-Psb31 antibody and visualized with 4-
chloro-1-naphtol after incubation with biotinylated anti-rabbit IgG
and peroxidase-conjugated streptavidin. The speciﬁcity of the anti-
Psb31 antibody was conﬁrmed by Western blotting analysis using the
thylakoid membranes of C. gracilis, which showed that the antibody
cross-reacted only with the Psb31 protein.
3. Results and discussion
3.1. Cloning and sequence analysis of the gene encoding the novel Psb31
protein in C. gracilis PSII
The gene encoding the novel extrinsic Psb31 protein from C.
gracilis PSII was successfully cloned using the two-step PCR method.
First, PCR was conducted to amplify the DNA fragment corresponding
to the N-terminal part of the protein which resulted in an 86-bp DNA
fragment from the diatom cDNA. Sequencing of the ampliﬁed
fragment conﬁrmed that the deduced amino acid sequence was
identical to the N-terminal sequence of the protein. The second PCR
step was performed with the RLM-RACE procedure, by which DNA
fragments including the 5′- and 3′-ﬂanking regions of the protein
were ampliﬁed using primers newly synthesized based on the ﬁrst-Fig.1. (A) Nucleotide sequence of the gene encoding the novel Psb31 protein of PSII from
the diatom, Chaetoceros gracilis. The deduced amino acid sequence is shown below the
nucleotide sequence in the single-letter code. The putative chloroplast ER-signal
peptide, chloroplast transit peptide and thylakoid signal peptide are marked by single,
dashed and double lines, respectively. The putative polyadenylation signal nucleotide is
indicated by a box. (B) The secondary structure of Psb31 was predicted using the New
Joint method [34]. H; α-helix, E; β-sheet, C; turn, coil or loop.step nucleotide sequences. These sequences were combined with the
partial sequence from the ﬁrst PCR to yield the whole sequence of the
gene, which is shown in Fig. 1A. The resulted gene encodes a
polypeptide of 179 amino acid residues with a total molecular mass of
18,745 Da. The N-terminal sequence determined for the mature Psb31
protein corresponds to the sequence starting from residue number 56
(D) of the gene-derived amino acid sequence. This indicates the
cleavage of the ﬁrst 55 residues after synthesis of the protein, which
gave rise to a mature Psb31 protein of 124 residues with a calculated
molecular mass of 13,256 Da. Thus, the ﬁrst 55 residues have served as
transit peptides to transfer the protein across the membranes.
Recently, Kilian and Kroth [20] found a new conserved motif, ASAF
or AFAP, within the presequences of chloroplast proteins encoded in
the nuclear genome of diatoms which served as transit peptides to
transfer the proteins across the chloroplast ER membranes. They also
reported that the phenylalanine in the motif is located exactly behind
the signal peptide cleavage site [20]. In the leader sequences of the
Psb31 protein, a sequence of AFAP equivalent to the reported motif,
was found at the positions from 15 to 18 residues. Based on this, the
ﬁrst 15 residues shown in single line of Fig. 1A were concluded to
function as a chloroplast ER-signal peptide. This indicates that the
Psb31 protein is encoded in the nuclear genome and targeted into the
chloroplast. In fact, the gene encoding the Psb31 was also found in the
nuclear genomes from two diatoms, Thalassiosira pseudonana and
Phaeodactylum tricornutum (http://genome.jgi-psf.org/Thaps3/
Thaps3.home.html; http://genome.jgi-psf.org/Phatr2/Phatr2.home.
html) whose sequences are available. On the other hand, the residues
from 16 to 31 of the Psb31 presequence (indicated by a dashed line in
Fig. 1A) were enriched in hydroxylated residues (S and T) which is a
characteristic, common feature found in the transit peptides targeted
for the chloroplast envelope [33]. Furthermore, the residues from 32
to 55 of the Psb31 presequence (double line in Fig. 1A) have a
characteristic common feature for signal peptides targeted for
thylakoid membranes, namely, the consensus sequence A–X–A for
recognition site of the thylakoidal processing peptidase (TPP) was
found at −3 and −1 upstream from the N-terminus of the mature
protein [33]. This clearly indicates that the novel Psb31 protein is
transferred across the chloroplast envelope and thylakoid membrane,
and is thus located on the lumenal side.
The secondary structure of the Psb31 protein was predicted using
the New Joint method [34]. As shown in Fig. 1B, it is implied that the
Psb31 protein is consisted of 46.8% α-helices and 9.7% β-sheet, and
has three α-helix domains in residues 18–38, 55–72 and 77–91 which
may constitute a three-helices bundle structure.
By BLAST and FASTA analysis with the DDBJ/EMBL/GenBank, JGI,
and KEGG database, genes homologous to psb31 were found in a red
alga and a number of chromophytic algae which resulted from red
algal secondary endosymbiosis. However, no homologous genes were
found in other eukaryotic organisms including green algae and higher
plants. Sequence comparison of the protein from various organisms
(Fig. 2A) showed that only the Psb31 homologous protein in the red
alga Cyanidioschyzon merolae contained a long insertion of 34 residues
and extra 33 residues at the C-terminus. This suggests that the Psb31
protein in red algae has a somewhat different structure, which may be
related to the fact that no Psb31 homologous protein was found to
associate with PSII complex retaining high oxygen-evolving activity
puriﬁed from the red algae, Cyanidium caldarium [4,5] and C. merolae
(unpublished data). Comparison of the derived amino acid sequence
of the mature part of Psb31 from C. gracilis with other diatoms, and
with a pelagophyceae, a brown alga, haptophyceae or dinophyceae,
revealed a sequence similarity of 79.7–93.5% (52.4–62.9% identity),
87.8% (53.7% identity), 79.7% (48.8% identity), 83.1% (32.2% identity),
63.3–68.1% (8.6–24.4% identity), respectively. Based on these
sequences, a phylogenetic tree was constructed by the neighbor-
joining algorithm [26] as shown in Fig. 2B. The resulting phylogenetic
tree indicated that the Psb31 protein family could be classiﬁed into
Fig. 2. Phylogenetic analysis of the Psb31 protein sequence. (A) Alignment of the mature part of the Psb31 protein sequence of Chaetoceros graciliswith those of homologous proteins
from the other diatoms, Thalassiosira pseudonana (JGI database, protein ID: 24769), Phaeodactylum tricornutum (JGI database, protein ID: 36503) and Fragilariopsis cylindrus
(accession number: DR026699); a pelagophyceae Aureococcus anophagefferens (FC031542); a brown alga Sargassum binderi (DV670010); a haptophyceae Emiliania huxleyi
(CX775873); dinophyceae, Alexandrium tamarense (CK431466), Heterocapasa trquetra (DT384968), Lingulodinium polyedrum (BP743616) and Amphidinium carterae (CF067090); a red
alga Cyanidioschyzon merolae (KEGG database, accession number: CMP346C). (B) Phylogenetic tree of the Psb31 protein family constructed based on the alignment shown above.
Numbers represent the percentage frequencies with which the tree topology presented here was replicated after 1000 bootstrap iterations.
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algae, (c) haptophyceae and (d) dinophyceae. This suggests that the
novel Psb31 protein may constitute the functional oxygen-evolving
complex together with the other four extrinsic proteins at least in PSII
of diatoms and probably of pelagophyceae and brown algae. In fact,
PSII particles isolated from a pennate diatom, Phaeodactylum
tricornutum, contained the Psb31 protein in addition to the four
extrinsic proteins of PsbO, PsbQ', PsbV and PsbU (unpublished data). It
remains to be elucidated whether the Psb31 protein is present as one
of the extrinsic proteins in PSII of other chromophytic algae.
The nucleotide sequence of Psb31 has been deposited at DDBJ/
EMBL/GenBank under accession number AB373992.
3.2. Cloning and sequence analysis of genes encoding PsbO, PsbQ', PsbU
and PsbV in C. gracilis PSII
The genes encoding PsbO, PsbQ' and PsbU from C. graciliswere also
cloned by the similar procedures as described above. First, 482-bp
(PsbO), 74-bp (PsbQ') and 98-bp (PsbU) cDNA fragments correspond-
ing to the N-terminal part of these proteins were ampliﬁed from the
diatom cDNA. After the second RLM-RACE step, the resulted
sequences were combined with the partial sequences corresponding
to the N-terminal part to yield the whole sequences of their genes
(data not shown). The genes of PsbO, PsbQ' and PsbU encodedpolypeptides of 307, 211 and 151 amino acid residues with molecular
masses of 32,453, 22,584 and 15,763 Da, respectively, and theirmature
proteins contained 248, 155 and 93 amino acid residues with
molecular masses of 26,732, 17,065 and 10,126 Da, respectively. This
indicates that the precursor proteins of PsbO, PsbQ' and PsbU have
signal peptides of 59, 56 and 58 residues, respectively.
The psbV gene encoded by the chloroplast DNA was also
successfully cloned from C. gracilis by a two steps PCR procedure.
First, a 406-bp cDNA fragment corresponding to the N-terminal part
was ampliﬁed from the cDNA. Total DNA from C. gracilis was digested
with EcoR I and re-ligated to form circularized DNA fragments, and
then used as the template for the second step, inverse PCR. Primers
were designed on the basis of sequence obtained from the ﬁrst PCR
product. The inverse PCR reaction yielded a 2.1-kbp product, which
was cloned and sequenced to conﬁrm that it contained the psbV gene.
This sequencewas combined with the partial sequence corresponding
to the N-terminal part to yield the whole sequence of the gene (data
not shown). The resulted gene encoded a polypeptide of 163 amino
acid residues with a molecular mass of 17,845 Da. Since the mature
apoprotein of PsbV contained 137 amino acid residues with a
molecular mass of 14,876 Da, its signal peptide was determined to
be the ﬁrst 26 amino acid residues. Moreover, sequence analysis
revealed that psbX and ycf66 genes are present in the immediate
upstream of the psbV gene in the chloroplast genome, and Northern
Fig. 4. Effects of crosslinking treatment with EDC on polypeptide patterns of Chaeto-
ceros gracilis PSII particles (A) and the ﬁve extrinsic proteins extracted from EDC-treated
PSII particles by alkaline Tris-wash (B). The PSII particles were treated with EDC at ﬁnal
concentrations of 0% (lane 1), 0.01% (lane 2), 0.02% (lane 3), 0.03% (lane 4), 0.04% (lane
5), 0.05% (lane 6), 0.06% (lane 7), 0.07% (lane 8), 0.08% (lane 9) and 0.09% (lane 10) for
10 min at 25 °C in the dark. The band of cytochrome b559α co-migrated with the band
of PsbU in the gel containing 12–18% acrylamide. (B) The PSII particles treated with EDC
as above were incubated with 1 M Tris (pH 8.5) for 30 min at 0 °C and, after
centrifugation, the supernatants obtained were applied to SDS-PAGE. The PSII
components were assigned according to [15].
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the psbX and ycf66 genes (data not shown).
The nucleotide sequences of PsbO, PsbQ', PsbU and PsbV have been
deposited at DDBJ/EMBL/GenBank under accession numbers AB373993,
AB373994, AB373995 and AB373996, respectively.
3.3. Comparison of leader sequences among the ﬁve extrinsic proteins in
C. gracilis PSII
We compared the leader sequences of the ﬁve extrinsic proteins
from C. gracilis cloned and sequenced in this study. As shown in Fig. 3,
the four extrinsic proteins of Psb31, PsbO, PsbQ' and PsbU contained
three signal peptides in their presequences to transfer across the
chloroplast ER, chloroplast envelope and thylakoid membranes, while
the presequence of PsbV contained only one signal peptide to transfer
across the thylakoid membrane. This result clearly demonstrates that
the former four proteins are encoded in the nuclear genome, whereas
the latter is encoded in the chloroplast genome, and that all these ﬁve
proteins are transferred into the thylakoid lumen after their synthesis.
The chloroplast ER-signal peptide showed a high similarity among the
four extrinsic proteins of Psb31, PsbO, PsbQ' and PsbU which have the
common motif AFAP in the cleavage site and hydrophobic residues in
the central part. The transit peptides of the chloroplast envelope in the
four extrinsic proteins were enriched in hydroxylated residues (S and
T), which is consistent with the only conserved properties found in
chloroplast transit peptides [35]. The thylakoid membrane-targeted
signal peptide showed a characteristic common feature in all of the
ﬁve extrinsic proteins, namely, its N-terminal part is hydrophilic; its
central part is hydrophobic; and its C-terminal part contains alanine
residues at positions −3 and −1 upstream from N-terminus of theFig. 3. Comparison of the leader sequences of the ﬁve extrinsic proteins of Psb31, PsbO,
PsbQ', PsbU and PsbV from Chaetoceros gracilis PSII (A), and their hydropathy proﬁles
(B). The putative chloroplast ER-signal peptide, chloroplast transit peptide and
thylakoid signal peptide are marked by single, dashed and double lines, respectively.
Dots indicate the AFAPmotif of the chloroplast ER-signal peptide. Bold S and T represent
the hydroxylated residues in the chloroplast envelope-transit peptide; Bold A indicates
the A–X–A motif for recognition site of the thylakoidal processing peptidase.
Hydropathy analysis was performed with the program Genetyx. The arithmetic mean
of the hydrophilicity values for each 5 residues is plotted against residue numbers.mature proteinwhich is consistent with the consensus sequence A–X–
A for recognition site of TPP. Four different mechanisms for targeting
of proteins to the thylakoid membranes have been characterized [35].
Among these mechanisms, lumenal proteins such as PSII extrinsic
proteins are transported across the thylakoid membrane either by the
Sec translocon dependent mechanism (Sec pathway) or the twin-
arginine translocation, delta pH-dependent mechanism (Tat pathway)
[35]. The signal peptides of proteins using the Sec pathway and those
using the Tat pathway have similar characteristics except for the RR
motif at the amino terminal endwhich is speciﬁc for the twin-arginine
mechanism [35]. The RRmotif can be found at an appropriate position
in the signal peptide of Psb31, as well as in the signal peptides of PsbQ'
and PsbU (Fig. 3), suggesting that these proteins are transported across
the thylakoid membrane by the Tat pathway. On the other hand, the
signal peptides of PsbO and PsbV lack the RR motif, suggesting that
these proteins are transported across the thylakoid membrane by the
Sec pathway.
3.4. Crosslinking of C. gracilis PSII particles with EDC
Fig. 4A shows proteins resolved by SDS-PAGE of C. gracilis PSII
particles treated with different concentrations of EDC. The bands of
CP47, PsbO, D2, an unknown protein migrated below D1, PsbQ' and
Psb31 preferentially disappeared upon increasing concentrations of
EDC, suggesting that crosslinkings occur among these proteins. To
examine the possible crosslinking of the extrinsic proteins with PSII
intrinsic proteins, EDC-treated PSII particles were washed with 1 M
Tris (pH 8.5), and the extrinsic proteins released by the Tris-washing
were analyzed by SDS-PAGE. As shown in Fig. 4B, the PsbO, PsbQ' and
Psb31 bands preferentially disappeared at the low concentrations of
EDC examined, while PsbV and PsbU bands did not disappear at
concentrations below 0.09% EDC. These data suggest that the former
three extrinsic proteins directly associate with PSII intrinsic proteins
through electrostatic interaction, but the latter two extrinsic proteins
do not. A new band marked with an asterisk in Fig. 4B was appeared
Fig. 6. Polypeptide patterns of Chaetoceros gracilis PSII core dimer (A) and Western
blotting with the antibody against Psb31 (B). M; Molecular marker, lane 1; PSII core
dimer prepared from untreated PSII particles, lane 2; PSII core dimer prepared from PSII
particles treated with 0.05% EDC. Asterisk indicates the crosslinked product containing
Psb31 that appeared around 23 kDa after EDC-treatment. The PSII components were
assigned according to [15].
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band was determined and its sequence was found to match the N-
terminal sequence of PsbO completely, indicating that the new band is
an intramolecular-crosslinked band of PsbO (data not shown). It is
worth to note here that the amounts of both intramolecular-
crosslinked and native PsbO decreased upon increase in the
concentration of EDC, indicating an increased crosslinking of PsbO
with PSII intrinsic proteins with higher concentrations of EDC.
Since this study focused onwhether Psb31 directly associates with
PSII core components, we separated EDC-treated PSII particles by BN-
PAGE, and examined the possible crosslinking products between
Psb31 and PSII intrinsic components. For this purpose, the PSII
particles treated with 0.05% EDC were washed with alkaline Tris to
remove the non-crosslinked extrinsic proteins and then applied on
BN-PAGE. Fig. 5 shows the distribution of pigment-containing protein
complexes when untreated (lane 1) and EDC-treated PSII particles
(lane 2) were separated by BN-PAGE. Three main pigment-containing
protein complexes shown as bands 1, 2 and 3 appeared at apparent
molecular masses of about 690, 350 and 220 kDa, respectively.
Polypeptides of their bands were examined by SDS-PAGE. As shown in
lane 1 of Fig. 6A, band 1 mainly contained CP47, CP43, D2, D1, Cyt
b559α and several small subunits. Band 2 also contained the same
polypeptides as band 1 (data not shown). These results indicate that
bands 1 and 2 are PSII core dimer and monomer, respectively, taking
into account their apparent molecular masses. On the other hand,
band 3 was shown to be composed of fucoxanthin chlorophyll a/c-
binding protein complexes based on its polypeptide compositions
(data not shown).
When C. gracilis PSII particles were treated with 0.05% EDC, band 1
appeared at a higher molecular weight compared with that of
untreated PSII particles (lane 2 in Fig. 5), suggesting that some
extrinsic proteins crosslinked with PSII core dimer. This band was cut
out and analyzed by SDS-PAGE. As shown in lane 2 of Fig. 6A, several
crosslinked bands appeared in the PSII core dimer prepared from the
EDC-treated PSII particles, which were not present in the PSII core
dimer without EDC-treatment. To examine whether crosslinking
product(s) involving Psb31 is present among these bands, Western
blotting analysis was performed using the antibody raised against
Psb31. The band that appeared at an apparentmolecularmass of about
23 kDa (asterisk in lane 2 of Fig. 6A) reacted with the anti-Psb31
antibody (Fig. 6B). This clearly indicates that Psb31 crosslinked with
one or more PSII core components, suggesting that Psb31 directly
associates with PSII intrinsic protein(s) through electrostatic
interactions.Fig. 5. Blue-Native PAGE of Chaetoceros gracilis PSII particles. M; Molecular marker, lane
1; untreated PSII particles, lane 2; PSII particles treated with 0.05% EDC.In order to identify the partner crosslinked with Psb31, the
crosslinked band was cut out and subjected to N-terminal amino
acid sequencing and liquid chromatography/tandem mass spectro-
metry analyses. In these analyses, Psb31, PsbH, Cyt b559α and several
unknown proteins were found to be involved in the crosslinked
product (data not shown), although the partner crosslinked with
Psb31 could not be unambiguously determined. Since the apparent
molecular mass of the crosslinked product (∼23 kDa) is similar to the
sum of the molecular masses of Psb31 (∼13 kDa) and PsbH (∼10 kDa)
or Cyt b559α (∼10 kDa), it is likely that Psb31 may directly associate
with PsbH or Cyt b559α.
In conclusion, the novel extrinsic protein (Psb31) found in C.
gracilis PSII is located on the lumenal side and associates directly with
PSII core components through electrostatic interactions, suggesting
that this protein constitutes one of the extrinsic proteins in the
functional PSII oxygen-evolving complex of diatoms. It is not clear
whether or not, and to what extent the Psb31 protein alters the
activity or stability of PSII. To clarify the function of Psb31, release–
reconstitution experiments are now in progress.
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